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INTRODUCTION
In general, the velocity of inversion of sucrose ie
a function of several variables; namely, the temperature,
the viscosity, and the concentrations of hydrogen ions, undis-
sociated acid, sucrose, added salts, and non-electrolytes. It
can readily be seen, then, that this reaction offers a broad
field for research with decidedly varied and diversified lines
of attack.
Although the study of this reaction has been very
extensive, for indeed, up until 1906, 140 papers had been pub-
lished on this subject and since then undoubtedly as many more
have appeared, the fact that there are so many variables to be
considered, the wide intervals over which each variable may be
altered, and the conflicting results obtained by various invest-
igators, leave the problem still in a stage of flux.
It ie, therefore, the particular purpose of this in-
vestigation to study the inversion velocity from the standpoint
of chemical kinetics and as a function of the thermodynamic
con-
centration of the hydrogen ion, with the idea in mind of
checking
the work of previous investigators and of making
any additions to
the present knowledge of the subject which may result from
this
research
•
REYISf OF LIT TURK
The hydrolysis of cane sugar by acids, cms of the first
chemical reactions of which the course was followed, is still
a most important subject of study in ths field of chemical
dynamics. A literature has grown up, very voluminous in nature,
dealing with the Changs from various points of view. It is
very clear, in a large number of cases, that ths authors bars
had little knowledge of ths work which has been published
previously, and hence a great amount of unnecessary reduplication
(12)
of work has occurred. Caldwell has publishsd an excellent
review of ths literature up to 1906, yet he has given only a
very abbreviated synopsis of each article.
The inversion of sugar was first made the subject of care-
ful research in 1850, by Wilhelmy ^67), who was the pioneer in
this field of work. Hs showed that the change does not consist
in a combination of ths acid with ths sugar, for after hs had
removed ths acid by precipitation, "the sugar still remained
inverted*. He showed that the amount of sugar changed in any
given Boaent is a constant psrcentags of the amount of unchanged
sugar present. The above statement expressed In symbols reads:
4* " k<-x) or k Is -£r
where: a = initial amount of sugar
x * amount already inverted
t time which has elapsed since the reaction started.
This last expression is the simplest typs or aass
action equation, and is known as nihelmy's Law. Wilhelmy
was ths first ons to measure successfully the Telocity of
inversion by means of a polariroeter, and the majority of
subsequent observers have followed his example. The change
in the optical rotation on passing from cane sugar
( (*)D - *66°) to invert sugar ( (a)^ » -28°) is ,0 iarg6
that it is not difficult to obtain accurate results even with
an inaccurate polariroeter. The chief error in most of the
measurements at this time came from fluctuations of the
temperature.
m M m, o„t i ana
of observations on the action of a variety of aeide on cane
sugar, which led him to conclude that ths activity of ths
several acids was of the same ordsr as that established by
other methods (especially by the dot emination of their elec-
trical conductivity), also made a few experiments on the
influence of the concentration of the sugar oa the rate of
(48)hydrolysis. The results he obtained led him to infer, in
the case of hydrochloric acid, that the amount of sugar
hydrolyaed in unit time increased rapidly, out of all
proportion to the increase in the concentration of the sugar.
On altering the concentration of the acid while Vseping that of
the sucrose constant, he noticed a similar lack of proportionality
between the rate of inversion and the amount of acid present, ths
molecular sucrolastic activity increasing as the acid was increased
in concentration. He gives the following figures to shew the
increase cited above is the velocity constant
,
using 0.5 normal
hydrochloric acid, and varying the sugar concentration:
Initial concentration Telocity
of sugar in % coefficient k
4 19.14
10 20.63
20 22.67
40 29.16
In connaction *ith those figures Osteoid observes: "The velocity
constants change with the quantity of sugar almost is the ratio
of three to two. It is, therefore, doubtless that the process of
inversion is subject to the influence of side reactions, which
E*».Sdf3«t themselves the more clearly, the more concentrated the
solutions
,
w However, in all this work water was left entirsly out
of account and this asy explain in part Ostwald's results.
Figures similar to Ostwald's have bees published by
(62)
Spohr. The letter author saw that in these eases, as more sugar
is pros est.
t
it displaces oore water^and hefase th* concentration of
the acid i» virtually greater. He made three experiments with
weight normal sugar solutions in dec i-normal acid and obtained
practically the same velocity when the sugar concentration was con-
siderably varied. The great importance of this fact does not
appear to have been realised by Spohr and has been eore or less
generally overlooked curing this period.
(15)
A new interpretation was proposed is 1897 by Imst Cohen.
This investigator believes that in a more concentrated solution the
reaction is faster because the available volume is smaller, the sugar
Eoloeulea filling, and rendering ur»T»liable, part of the volone.
Accordingly he introduce* an empirical volume correction analogous
to the quantity (b) of the van der Weals' equation and to the
(45)
aimilar correction proposed by Noyes % ' for van't Hoff'e ideal
lav of osmotic pressure. He gives the equation:
whore Kj>0 per cent is the inversion velocity in a 20 per cent
solution and b^Q is the actual volume of tho augar molecules in
ICO cc. of a 20 per cent solution, In this equation he states
that the rate of inversion is inversely proportional to the space
in which the ttoleeuaes bcvc, and his results from this theory ars
in fair numerical agreement with results already published by
Ostwaldi*
7
^ If, hot/ever, we consider that, acccrCing to the mass
law, the velocity of hydrolysis should be the same whether the
volume (or its reciprocal, the initial sugar concentration) is
large or small, whether the sjhole of the apparent volume is
available or not, Cohen's volume correction appears to emphasise
the discrepancy between theory and fact, rather than tc account
for it.
In his memoir on the velocity of inversion of cane sugar
(8)
by acids, published in 1889, /rrhonius introduced th« conception
of an active mass and attributed the invertive power of acids to
the free hydrogen ions. There were a largo maker of fleets to be
explained, however, before this theory could be made plausible. Re
saw that "a difficulty arises from the fact that the velocity of
inversion can under eome conditione be increased ......
although the number of acting ions is decreased", arrhenius had
previously adopted the van't Hoff equation, and had shoved that
it held not only for the inversion of cane sugar, hut also for
a large number of othar catalytic reactions
.
Now, seeing that
van't Hoff s equation did not represent the effect of temperature
on the velocity of an action but on the position of an equilibrium,
Arrhenius said that it suet be eoaseded that there is some kind of
equilibrium to be disturbed in all these reactions, ftrrheniue
supposes that only a certain proportion of the sugarsas susceptible
to hydrolysis at any given moment . This he called the "active part"
and wrote the equilibrium as:
inactive sugar ^_ Z active sugar - q. calories
He meant by this equilibrium reaction that a chemical action is
preceded by a process of molecular activation* In spits of many
diverse views as to the mechanism of molecular activation, the idea
has received extensive support, and forms the basis of several ex-
planations of the high temperature coefficient of chemical reactions.
Host authors are agreed that the activation is an absorption of
energy by the molecule, mo that the activated form has more energy
than the nonreactive form. Up to this time, Arrhenius had worked
only with weak acids, and their corresponding salts, and all of these
experiments furnished the most convincing evidence in favor of the
view that, apart from a small neutral salt effect, the catalytic
activity of as acid is determined by the concentration of the hydrogen
ion in the acid eolation. About this same time it was found that
the rate of inversion of cuerose by weak acids was greatly augmented
by the addition of neutral ealts of strong acids; for example, the
5presence of 0.125 N potassium chloride increased the catalytic
activity of 0.025 N acetic acid by about 12 per cent. Arrheniue,
therefore
,
proposed a notification of hie dissociation theory by
postulating that dissolved salts increase the dissociation con-
stants of weak acids present ir. solution, and that presumably the
water acquires a greater dissociating power or the salt itself
acts as a dissociating medium. This view wae generally accepted
for about twenty years. During this time, however, results were
accumulating which indicated that the undissociated molecule of the
catalyzing acid might be eatalyt jcally active, and that there wae
a general relationship between the catalytic power of the un-
dissociatsd acid and its dissociation c nstant; sines the
undissociated molecule, in the csbs of strong acids, appeared to be
raore aotive than the hydrogen ions, it soon became obvious that
these results might explain the anomalous neutral-salt action ob-
served by Arrheni us
£
without necessitating the adoption of the
hypothesis that the dissociating powsr of tne medium was altered.
Trevor ^ accepted Arrheniue* theory in full, and used the
inversion of sugar as a means of estimating the number of hydrogen
ions in solution of very weakly-acid substances.
The principal argument in favor of the above view is the result
arrived at by Pslmser
(4 *^ and alse by Smith (,:c ) namely, that in very
dilute solutions the rate of inversion is strictly proportionsl to
ths number of hydrogen ions. With the intention of strengthening the
ionic theory of catalysis postulated by Arrhsnius, ralpaer made a
careful comparieon between the invertlve power and conductivity of
very dilute hydrochloric acid. Ho eliminated, as sources of error:
1. Neutralisation of the acid by tha ash in the sugar, by re-
crystallizing the sugar many times.
2. Bi-rotation of the invert sugar, by taking his polarimeter
readings at 48° C, the temperature of the thermostat.
3. Dissolution of the glass, by using a platinum vessel.
Fair proportionality was found to exist between the rate of
inversion and the concentration of the hydrogen ions for strengths
less than .01 normal hydrochloric acid. His conclusions, however, are
open to criticism on the ground of his use of platinum vessels. He,
himself, thought that no catalytic oxidation sould occur as he worked
at 48° C; however, it is a fact, as conductivity measurements have
shcvra, that some oxidation of glucose by platinum does occur oven at as
o
low a temperature as 18 C.
W. A. Smith, working with a temperature of 100° C, arrived at the
same conclusion as Palamer, with the reservation that with weakly-
dissociated acids, the accelerating influence of the undiseociated
material must be taken into account.
Euler ^ has postulated the theory that there is no ground
for distinguishing between electrolytes and non-electrolytes,
and regards all substances as elect rolytee. Case sugar
ie supposed
by him to be slightly ionized in solution and action is
ssid to
occur between the ions of cane sugar and ths ions of
water. Ihe
acid is supposed to bring about catalysis by increasing
the total
number of ions in the product C^CgC^. *»ere * B ar8 the
imaginary ions of the sugar. It would appear, then,
according to
ethis hypothesis, that basic substances should also bs abls
to invert sugar. With regard to the influence of temperature,
(6)
Euler has explained that Arrhenius* "active part" is in
reality the proportion of the ease sugar which is dissociated into
ions of glucose and fructose. Lippman has sharply criticixed
Euler* s theory, <
21
^ Maintaining that sugar is a non-electrolyte,
(35)
and he refers to the work of Locals who has shown by very
accurate cryoscopic methods that there is not the slight est
dissociation of the sugars.
Armstrong, Caldwell, and Wheeler,
3
* ' working more or
less together, have attempted an extensive study of processes
operative in solutions. Ths addition t'eory has been developed
systematically by Armstrong and Caldwell in a comparativs study
of the action of acids and snsyraes on various sugars. The theory
put forward is that the sugar enters into some kind of a com-
bination with the acid and some water molecules. An "active
system" thus arises which fulfills all ths requirements of ArrhenisV
"active »ugar", and which breaks down into invert sugar and
hydrates
acid, acooCding to a mono-molecular mass action. As only a
asmll
proportion of ths acid molecules are engaged at any moment, the
acid is usually in lar*s excess. If, however, very small
quantities
of acid are ussd, ths sugar is in excess, so that during
the first
part of the hydrolysis Wilhelmy's Law is not followed, but
the change
approximates a linear function ef the time. It is further shown
that the effect of neutral substances and the influence of tempera-
ture and concentration can be very satisfactorily explained by
this
hypothesis.
In 1906, Caldwell ' demonstrated that the
supposed abnormality of strong sugar solutions was alsoat
non-existent.,by adopting the use of weight-normal solutions.
In this ease, when the concentration of the sugar was varied
frem> 05.5 to 342 grans per 1000 grass of water, the inversion
velocity increased only 3.3 per cent instead of 38 par sent,
the increase observed when volume- normal solutions were used;
i.e., solutions in one liter. Armstrong and Caldwell's measure-
ments were numerous and skillfully carried out. In every case,
they noted that the inversion constants increased gradually from
the beginning to the end and that, in the early stages, the
reaction did not obey the mass law at all. Hence, from these
results they postulated that the reaction, even with respect to
the sugar, was net strictly aonomolecular throughout.
(41}
A few years later, Julius Meyer' carried out similar
measurements and likewise found the velocity coefficient changing
during the early stages of the reaction. Meyer's coefficients,
however, showed, not an increase, a* perceived by Armstrong and
Caldwell, but a gradual decrease. Meyer believed that his results
could be fully explained by assuming that the hydrolysis is com-
plicated by a pair of side reactions taking place simultaneously
with it; namely, the mutarotation of glucose and fructose.
large experimental and mathematical errors were soon
(28)
found in this work by Hudson „ who pointed out that mutarotation
could lead only to an increasing velocity coefficient, although, on
the other hand, an increase of the coefficient might also bs caused
by variation of the specific rotation of fructose with its concen-
tration. He finmly believed that Meyer's decreasing coefficients
10
could be entirely explained by experimental errors. He did
agree, however, thai "the hydrolysis of cane sugar is not
the simple reaction that it has heretofore been eupposed to
ft (29)
be, but is accompanied by two other important reactions.
(42)
Following Hudson* s criticism, Meyer republished
his work in a corrected and somewhat modified form. He was not
willing, however, to agree that the difference in his results
from ethers was due entirely to experimental error.
(29)
Hudson accepted Armstrong and Caldwell's results
but thought "the matter still in doubt as to whether Armstrong
end Caldwell** deviation was due to mutarotation, change of
rotation of fructoee, or a true exception to the law of mass
action, which latter view was the one that Armstrong and Caldwell
held*.
Rosanoff
,
Clark, and Sibley*
52
] and Rosanoff and Potter*
53*
made an investigation of the role played by the sugar and by the
water in the inversion process. They did this by preparing three
pairs of solutions, in which the mater and acid had exactly the
same concentration in each pair, but the sugar in one solution of
cash pair was replaced, in part, by glucose. Preliminary experi-
ments were carried out to find he* much glucose should be added
in place of part of the cane sugar in order to keep the volumes
equal. Their results showed that the constancy of the velocity
coefficient of sugar hydrolysis was not due to any spscific effect
of the invert sugar which gradually replaces the cans sugar in an
ordinary single experiment. They found that glueons, msnnitol, and
acetone, and presumably any other inert substance, might bs introduced
in place of sore or leas of the cane sugar, and the velocity
coefficient would be the sane ae long as the concentration of
both acid and water remained unchanged. In other words, the
velocity coefficient is independent of the initial concentration
of the sugar itaalt
.
They alee took up the effect of an error in the initial
reading ;-
r
on the value ef the Telocity-constant k xnd shewed
that it was inversely proportional to the time elapsed fro* the
beginning of the reaction. This means that even a slight error
in the value of a0 , assumed in computing k t ie liable te lead to
grossly erroneous values of k for the earliest stages of the
reactions (especially in dilute solutions wh ere a^-a^i* small).
The error rapidly decreases and becomes inappreciable, however,
for the mors advanced stages of the reaction. A far more
reliable value for a
e
than can be obtained by direst observation
may be calculated as follows:
The ordinary monomolec ular equation
_
1"
.,
ap -a
x «_ log 10 &=^z,
t
is written in the form
logi© (a-aM ) «= A Bt
where the best values of A and 8 are obtained by applying the method
of least squares to all the obeervatione of a given sories, and
&o i» readily found from A * log io Uo-a ^ ) . The
value ao is then as reliable as that of a which can be
observed.
Another way to obtain the initial reading is to
plot on a large scale the available values of logto(a -t«)
against the corresponding values of t and extrapolating to
t • 0 to find log 10 (no - a*,).
More recently^ Clark^*^ has confirmed the above work;,
using a strong acid, sueh as hydrochloric acid, for a catalyzer.
Therefore, the velocity of cane-sugar hydrolysis is independent
of the initial concentration of the sugar when the concentrations
of both acid and watsr are constant. Consequently, he made
further measurements to find whether, in a similar manner, adding
an inert substance, glucose, to keep the concentration of the
watsr and cane sugar constant while varying the concentration of
the acid, would have as appreciable effect In yielding a numerical
proportionality between the quantity of hydrogen ions present and
ths inversion velocity. As has been stated , Ostwald found only an
approximate proportionality between the quantity of *ydregen ions
and the inversion velocity, while Arrhenius attempted to account
for this variation by advancing the theory that the catalytic
activity of hydrogen ions is greatly stimulated by the presence of
other ions. More recently Bredig/
10
^ Acres/1 ' 2* Snethlags/ 61 *
MoBain and Coleman/*
0
^ Taylor^ 63 ) ,and others have advanced much
evidence to show that the catalytic effect of the acid in this and
other similar catalytic reactions is produced partly by the ions
and partly by the undissociated acid. As a reeult of hie work,
Clark found that in no case does the expedient of adding an
inert substance, glucose, in ordor to keep the concent ration
of the water ana cane sugar constant while varying the e even-
tration of the acid, produce any appreciable effect in yielding
a numerical proportionality between the quantity of hydrogen ions
employed as catalyzer, and the inversion velocities*
(3)
Anderson and Heldsn , in 1914, devised a method of
measuring the rats of inversion by the change in denoity. This
work is mentioned primarily because they have checked their density
results with polarlmetrio results, and it is those latter results
that I would like to compare with my otfu. These two determinations
ware carried out under almost identical conditions except for
greater accuracy in the d. tails of -he apparatus in the case of the
authors' work. In a 20 per-cent sugar solution, at 25°C, using
1 N acid in each ease, Anderson and Holden obtained C .005104, 0.002511,
and 0.000B934 for their velocity constants for hydrochloric, sulfuric,
and oxalic acids, respectively. The author of this article obtained
0.005178
,
0.002663, and O.OO0C971 for the same three acids.
From 1915-1023, Lewis and his coworkers pub3ishod several
articles on the msehanism of sucrose inversion. In an article by
Lamble and Leris,
,
thoy gave the constant fer 0.9N hydrochloric
acid, which they obtained while working under the same conditions as
those used by the author, except that they extrapolatod their *sro
reading instead of observing it. Their constant is 0.01111 and
mine is exactly the sac*. The work coversd by this ^
primarily on the action of the undiesociated aolecule. They
concluded that, in view of all the work which had been done en
the probable catalytic effect of the undiesociated molecule of
hydrochloric acid, it would ssem that the catalytic effect of
the undiesociated molecule of thi» acid at 25 C, was about twice
that of the hydrcgen ion. At 45°C, HcBair.^
0
' has calculated
the eataly' ic effect of the undiesociated colecule to be 1.5
tiroes that of the hydrogen ion. The physical (or chemical)
significance of the divergence from the straight line is evi-
dently that the catalytic affieiencw of a given catalyzing aole-
cule or ion is increased by the presence of other aolecules or
ions of the catalyst present; so, for saaraple, through the
doubling of the concentration of the catalyst, not only is the
catalytic affect doubled, but a slightly further increase is
caused by the increased efficiency of aaeh individual. It is
also to be sxpseted that in the undissoeiated aolecule of a
strong electrolyte (HC1) there is greater freedom of movement
of the relative psrts of the aolecule and hence greater catalytic
effect, because the real distinction between a strong electrolyte
and a weak one lies in the fact that the undiesociated roolesule of
K strong electrolyte has its cenetituent parts less firmly
held
together.
(31)
A great step in advance was msde when Jones and Lewie
measured the activity of the hydrogen ion by means of the
hydrogen
electrode. It ie surprising that, with the exception of Jones
and
lewis, none of the investigators previously mentioned attempted a
direct measurement of the concentration of hydrogen ion in the
15
system undergoing reactions; on the contrary, the concentration
of hydrogen ion was always assumed to be the same as it would be
if the sucrose were absent, and its volume replaced by water.
They found that, because of the large viscosity effects produced
by a variation in the concentration of sucrose, electr5cal con-
ductivity measurements could not give direst infonnat5on, even
assuming that the original equation of Arrhenius was valid, an
assumption wMch has recently been called in question. On account
of this viscosity effect they decided to determine the activity or
thermodynamic concentration of the hydrogen ions (strictly speaking,
the geometric mean of the activity of hydrlon and HSO«
f
) by means of
sleet ronoUve force msasursnents. The coll they employed
wis of the
following type:
electrode
H38O4 sucrose . Saturated . Normal
0.1N + . KC1 calomel
.
electrode
They found that the directly observed velocity constants
at 20° ,C,
when divided by the concentration of the water and also by
the
corresponding activity of the nydroger ion, gave a quantity which
was a constant within the limit of the experimental error,
w^ieh
quantity is really a true bi-molecular velocity constant.
They next
intend to investigate the activity of ions in the presence
of a
non-electrolyte. This phase of the study has only been
worked on
by one man, namely Harned ,
(26)
who determined the activity of the
hydrogen ion from hydrochloric acid, in the presence of
pannitol,
without observing, however, any marked effect over the concentration
range employed.
Moran and Lewis in a continuation of the work
*
of Jonas and Lewis^ found that ^it was necessary to determine,
by direct or indirect means,,the activities of all the re-
actants. The reaction was investigated in acid solution
alone and also in the presence of neutral salt. The acid
employed was hydrochloric acid and they, too, found that the
viscosity of the sugar was too great to permit direct observa-
tion of the hydrogen ion concentration without introducing a
(35)
viscosity factor. Lewis, llerriman, and Koran , in another
paper, record the same difficulty. They used the following
formula to calculate the hydrogen ion activity:
TTg 0.2820 0.59 log a^
where «ffH is the potential difference of the hydrogen electrode,
0.2820 that of the normal hydrogen eleetrodo at 25°, and o^
equals the activity of the hydrogen ion.
Horan and Lewis, as a result of their work, find that
they disagree with the results of Jones and Lewis and also with
the results of Scatchard, whose work will be mentioned later.
Koran and Lewis feel that the mechanism of the inversion process
consists of tvjo conssoutive reactions. In the first place, a
molecule of sucrose dihydrato combines with an unhydrated hydrogen
ion, giving an additive product which, however, has only a fugitive
existence, since one or more of the contiguous water molecules
immediately reacts with this complex to give glueoso dihydrate,
fructose, and hydrogen ion. The above mechanism may be expressed
by the following equations, in which S stands for an unhydrated
sucrose molecule and y denotes an undetermined number of water
17
molecules:
(8, ZHeO) i- H » (8, 8H-.0, H) (Measurable speed) (1)
(8, 2H»0, H) y H??0 } glucose, 2H»0 fructose H
(y - 1) HaO (Immeasurably fast) (2)
It will be observed that the process here considered differs from
the mechanise suggested by Jones and Lewis In that, on the earliest
view, the formation of the complex ion was regarded as occurring
immeasurably fast and the actual existence of a complex ion was
postulated, while on the present basis, this is no longer assumed
to be true, the measurable process being the rsaetion between an
unhydrated hydrogen ion and sucrose dihydrate. The reaction
expressed in equation (1), being the slow one, determines the rate
of inversion. Since this reaction is bimol ocular, they expected
that the viscosity, which changes greatly in the system under con-
sideration
t
in view of the wide range of sueress concentration
employed, would play an important role. They found from a detailed
treatment of the caee that thia was so and t furthermore, that the power
to which the wiseoslty had to be raised to account quantitatively for
the velocity constant was identical, within the limits of error, with
that calculated for the effect of viscosity on the mobility of the
hydrogen ion as given by conductivity measurements.
Moran and Taylori**^ who also checked the results obtained
in the above papers, have done considerable work on the energatice
of sucrose inversion. They feel that two reactions cited above for
the inversion process are really too simple. They wieh to look at
it as follows:
18
(3, 2H20) H (8, 2HaO, H) measurable speed (1)
(8, 2HaO, H) HaO (S, 2Ha0, H, Ha0) ) immeaeurably
) fast (2)
(8, ZHaO, H, HaO) fructose glucose 2HaO H))
(If)
Corran and Lewis studied the offset of sucrose on
the activity of the chloride ion in 0.1 N. and 0.5 H. potassium
chloride solution by means of the cell.
Ag | AgCl | KC1 (ei) | KC1 (ca) sucrose | AgCl | Ag
They found that the increase in activity could be accounted for
by simply allowing for the total decrease in the water present in
the solution; that is, the potassium and chloride ions were soluble
in the water of hydration of the sucrose. They also worked en the
effect produced by the sucrose on the activity of the hydrogen ion.
They based their work on an assumption put forth by Uaelnnes,
namely, that in solutions of univalent chlorides of the same eon-
c antr&tion, the activity of the chlorids ion has the ease value
(27)
in every case, irrespective of the associated cation. Hamod
has verified this assumption experimentally. Their results showed
them that"the hydrogen electrode measures, beyond doubt, the
hydrogen ion activity and not ths geometric mean of the activities
of the hydrogen ion and the anion*.
Isles and Morrell*
23
^ have found as s result of extensive
experiments
f
that the thermodynamic concentration of hydrogen ion in
the syetem remains appreciably constant during the course of the
inversion proceea and that the velocity of the reaction is propor-
tional to the thermodynamic concentration of the hydrogen ion only
for the limited range of concentration of acid which lies between
19
0.01 and 0.001 moles par liter. They also found that the
biraolecular Telocity coefficient, reduced to unit thermo-
dynamic concentration of hydrogen ion, is constant with
changing concentrations of sucrose only for each molecular
concentration of hydrochloric acid between 0.01 to 0.3 moles
per liter. Their final conclusions, therefore,*©™ 5hat ,with
strong acids, the inversion process did not seen: to be strictly
unimolecular, especially in the earlier periods of the reaction.
(37, 58)
Soatehard has attacked the problem from a
purely mathematical standpoint, but has made his deductions from
the results obtained by Tales and Worrell. Scatchard has corns
to the conclusion, from what data he has at hand, that there are
about six molecules of water, maybe fire or seven, reacting, and
he doss not believe that Jones and Lewis' saecharated hydrogen
ion exists but wishes to look at it like this:
CisHaaOti 6H20 ^.it CusIfeaOii.dHaO (1)
(2)
CisH3a0ii.6H80 K —> C«Hia0«.xHs0 CeHiaOe.yHaO (5-x-y)H20 H
glueess fructose
He claims that increased activity of the hydrogen ion upon
addition of sugar is explained as largely due to an increase in the
molar fraction of hydrogen ion without any large change in the degree
of ionization.
In a second article^ Scatchard advances the theory that
sucrose solutions are equilibrium mixtures of water, unhydrated
sucrose, and a singls hydrate^and that the relative quantities of
these substances are determined by the law of mass action. Ho has
tasted this theory by comparison of the experimental results
with those calculated from the law of mass action, and the
agreement is fair for either a hexahydrate or a heptohydrate.
Daring 1924 and 3925 there have been but few papers
119 )
published on this problem, and they are very short . PubouxJ
Colin and Chaadin/ 16 ^ and Taylor and Bomford^
6*^ hare all
attacked the work from the sane Tie*point as Janes and Lewis,
namely ,the thermodynamic concentration of the hydrogen ion.
Taylor and Bomford showed that the E. M. F. slowly drops to a
constant value, which is about one per cent smaller than the
initial value in ths sells used, and that, therefore, the apparent
hydrogen'ion concentration increases by about 7 per sent during the
inversion.
(50,51)
Stuart W. Psnnycuiek has published two articles
within the last year and a half on ths inversion process. Inci-
dentally, hie last article, which appeared in January, 1926, was
published after this particular piece of research was well advanced,
and to some extent the work on these two problems was quits similar.
He claims that the unimolocular inversion const ints show a steady
increase during inversion, up to about 4 per cent,with stronger acida,
and that the hydrogen-ion activity during invsrsion show an increase
of from 1 to 3 psr cent, according to the strength of the acid. He
has pointed out that ths bimolecular equation is unsound, and hs
attributes the steady increase in the cosffieients to the decrease
in water content and increase in hydrogsn-ion activity during in-
vsrsion.
There are a great many more articles en thie
subject, including work by Arafuru^&urroes/1^ Deerr^^
Euler and Rudberg,
(22) Osaka/
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* Rose,
(5* ,55)
Salkind, (56)
Schreiner/ WorlsyJ*^**^ and others, hut te sention all
of these in detail would involve repetition.
THEORETICAL DISCUSSION
There are in general two typee of reactions : namely,
slow and fast; or, in other words, measurable and immeasurable.
With very few exceptions most of the immeasurable or instantane-
ous reactions are between the polar or ionised compounds of
inorganic chemistry, while the "slower" or measurable reactions
occur when at least one of the reactants is a non-polar substance.
We might wren make a second generalisation by saying that most of
these "slow" reactions are catalytic in character, so that the
study of reaction velocity might almost be said to be a study of
catalysis. There are a few exceptions to this rule, but it is
barely possible that eventually even these may turn out to be
catalytic in character. Host of the studies of reaction velocity
have been made with the reacting substances in dilute solution,
and this obviously simplifies the problem because wo can apply the
various laws that hold in dilute solution and which would not apply
in concentrated solution or with the pure substances
.
There are several rsays of classifying reactions,such as
isolated reactions, simultaneous reactions, consecutive reactions,
side reactions, and so forth. However, the nost convenient and most
logical method of classifying reactions is to divide them into orders:
reactions of the first order, or unimolecular reactions, in which a
single molecule changes into one or more resulting molecules; reactions
of the second order, or biroolecular rsactions, in which t*o r?olecules
react to give one or more resulting molecules; similarly, reactions of
the third and fourth and op to the eighth order, depending
on the number of molecules reacting. The inversion of cane
sugar hae been generally accepted aa a monomolecular reaction,
yet the fact that this reaction does sometimes apparently
deviate slightly from the unimolocular law has caused some
investigators to attempt to place this reaction in another
order. It is for that reason, then, that at this point a
general discussion on reactions and their orders is introduced.
Sftch order has a characteristic equation connecting
the velocity of the reaction with the concentration of the
reactants, so that usually it is easy to tell from experimental
data to which order a reaction belongs. The study of rate of
reaction is based on the Law of Mass Action. Let us suppose the
following equation represents a reaction taking place in a home*
geneous system:
mA nzB * naC » any no. of resultants
then the rate of reaction c£ U)Bl , (B)"8 , etc., *hen (*), (B),
etc., represent the concentration of A. B, etc. The rats of the
complete reaction varies, therefore, as the product of these
quantities, that is <£ (A)*1 x (B)"
3
x (C)"
3
. This
principle will now be applied to the various classes of reactions,
starting, of course, «ith a unimolscular equation.
The stoichiometric equation for the reactions of this
order would be of the form
A -» B
or more generally
A ^ B*C*T
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Applying the principle of the nut action law, we can atate
that the rate of the change of the concentration of A at any
instant is proportional to its concentration at that instant.
It is evident, therefore, that the velocity of the reaction
will vary continuously, starting with ths highest value and
tending finally to aero. Stating this mathematically, we have:
- *> - *) <JZ (a - x) or (a - x)
(tt dt
where a nunber of nolea of A originally present in one liter,
and x * number of soles of A which changed to resultants in t
minutes; (a - x) represents the concentration of A after t
minutes. Hence,
- ki(a - x)
ere
where the constant ki is known as the velocity constant. It has
a characteristic value for each reaction, and is a measure of the
rate of reaction. By placing x « o and a » 1 we obtain the
physical meaning of ki ,which may be described as the (calculated)
number of moles of A disappearing per minute from one liter of
solution containing one mole of A; the concentration of A is
supposed to be kept constant at its initial value of one mole
per liter. Integrating the expression
dx
- ki(a - x)
dt
and putting in the condition that, when t * o, x » e, we obtain
1
k » — In
t • - x
A peculiarity of unimolecular reactions should
bo noted here: namely, that the concentration terms cancel
oat, and k would have th* sane value whether we conoid er
one mole dissolved in one liter or in ten liters; therefore,
in the ease of unimolecular reactions, we may define k as
the (calculated) number of moles of A disappearing per minute
from a solution containing one mole of A.
In most cases, the unit of time used is ths minute,
and the unit of concentration, moles per liter, and on this
basis k, for most reactions, ie a very small fraction.
If by seme device the concentration, a, of the
reacting substance be kept constant and equal to one mole per
liter, the equation for the reaction velocity becomes x » k.at.
If the time for x to become equal to one mole be sot to i , it
follows that t 1 «" y .- . Under such conditions, t
1
becomes
(39)
an inverse measure of k. WcBain has suggested that the
constant t
1
be used as the characteristic constant tor the velocity
of a chemical reaction.
Amongst the groat number of measurements of velocity of
chemical reactions, there are none in which we are reasonably sure
a unimolecular reaction is occurring. Host of ths examples eltsd
in the literature and textbooks as unimolecular reactions are really
pseudo-unimnlecular react iona, an order which will be mentioned
later.
The stoichiometric equations for the reactions of the
second order are of the form,
2A > one or bo re resultant
,
or generally
A B —
—
> one or more resultants.
Applying the principle of the nass action law in the first ease,
we can state that the rate of change of the concentration of A
at any instant is proportional to the square of its concentration
at that instant. Hence,
*
-g— <r («-*)*
where a represents the number of soles of A originally present
in one liter and x represents the number of coles of A which
changed to resultants in t minutes, and (a - x) represents the
concentration of A after t minutes. We hare then
-JS- " *»(» - x)*
at
the integrated fore of which is
1 x
This equation will also apply whsn there are two reactants
,
provided the initial concentrations are the same. Following
the sane reasoning in the second case, we obtain for the rate
of reaction after t minutes t
-ff-C U - x) (b - x),
where a and b are the number of moles per liter of A and B
originally present, and x is the number of moles per liter
of A or B which changed to resultants in t minutes, and
(a • x) and (b - x)
,
therefore, represent the concentrations
of A and B respectively after t cinutes. f therefore hare
- k(a-x)(b - x)
which fin integration &irtm
k - In bj» - «)
t(a - b) a(b - x)
In this order the Telocity constant k i» the (calculated) rate
of disappearance of A or B in moles from a liter of eolation
containing one mole of A and one mole of B, the concentrations
of A and B being supposed to be kept constant at their initial
concentrations. In those equations the Telocity constant k is
no longer independent of the unit of concentration employed for
the reaetants.
In the case of a paeudo-unireolacular reaction, the
stoichiometric equation would be, A B C etc, where
the substance B is a catalyst or whore it is present in high
concentration as compared with A, so that its concentration
will not change appreciably throughout an experiment . In such
cases, it has been found that the results of a single experi-
ment give a constant Talus for k if substituted in the uni-
molseular equation, .
k m -i— la a
t a - x
On account of this ,the custom has grown up of referring to such
reactions as unimoloeular, but the fast that one or more of the
reaetants happens to be present in constant concentration is a
mere accidental circumstance, and in no way affects the true
order of the reaction.
In the aquation A B » C D
, if the
substance B is a catalyst, or if it is present in high
concentration compared with A, we have
-jJ-CT (s - x)h,
where a and b represent the number of moles of A end B
,
respectively .originally present , and x represents the
number of moles of A or B which changed to resultants in t
minutes. Therefore, (s ~ x) and b represent the concentrations
of A and B .respectively, after t iminutes. We have, therefore,
-g- - kab(a - x)
at
which,on integration,gives
1
In
tb a - x
if we ars dsaling with such a change and we substitute the
results in the unisolesular equation
ki - — In at a - x
ws will obtain a constant; this constant (kab) is not, of course,
characteristic of the reaction, for without a knowledge of the
concentration of the substance B, the measurement would be value-
less. The true bimolecular constant for the reaction may bo
obtained in such a cans by dividing the pssudo-unlmolesular con-
stant (k«b) by b, ths concsntration of ths substance B.
If ths substance B is is high concsntration compared
to A, the equation j b (a _ x%
k " , la
t(a - b) a(b - x)
readily reduces to
tb a - x
1 in
because we can write approximately b - x » b, end
* - b • -b. in tho 8aBe wy a trimolecular or any higher
order reaction may be reduced.
In the case of the invereion proeees it ie almost
unnecessary to point out that there are really several factors
catering into the reaction instead of one, ae there should be
if we are to look at the process as following ths unimelecular
law. However, in thie reaction the acid ie preeent as a
catalyet and hence doss not enter into the reaction as a
reacting molecule, but merely speeds up the reaction. The
water is usually present in such high concentration ae compared
with that of the rest of ths reactants, and as compared »ith
the small amount that is used by the reaction, that this is
mors or lees ignored also, although several investigators during
ths last few years have attempted to take into account the
water and hence make ths reaction bimolecular. Thus ws see
that the sugar is really ths substance with which we are eon-
cemed, the different acids merely varying the epeed, and the
water making practically ae difference. It ie easy to see, then,
why ws use the monomolecular equation
k = 1 In a
,
t a - x
instead of the pseudo-unimolecular equation
k "
-i. ln _* ,
tb a - x
This problem has been attacked by the author to find
out primarily what relation there ie, if any, between the con-
centration of the hydrogen ion and the inversion conetant. many
others have worked on thio same problem with rery con-
flieting results; sobs have reported that the speed of
the reaction is not directly proportional to the concen-
tration of the hydrogen ion, others, that it is proportional
within experimental error; some, that it does not follow ths
unimolocular law, others, that it doss; some, that the
velocity of the reaction increases slifjrtly during ths
process, others, that it remains constant; and so forth.
It is at least evident that the question is an open one, and
that there still remains a great deal of work to be done.
For this reason, a large number of inversions, with a
considerable range in the concentration of acid and a large
number of conductivity meaBurements, have been performed,
in order that this topic might be regarded in a broad sense.
The results of these determinations may be found in the
following chapter.
EHPKRnrWTAL PART
Apparatus Employed
The polariseope used in this particular investi-
gation was a double field ,Frans Schmidt and Hasnsch
polariscops calibrated to read to 0.01°. An intense sodium
flame was used at all times in taking readings.
The polariscops tubes were landolt inversion tubes
and ware made of glass, with a nickel-plated brass jacket for
water circulation, and tubulaturs for thermometer. In every
case,2 dem. tubes were used, and during readings, that is
,
while the tubes were out of the thermostat, water, at the tempera-
turs of the thermostat, was passed through the tubes, thus keep-
ing the temperature as near constant as posaibls.
The thermostat was a large sise "Frees Sensitive Water
Thermostat" and was kept at all times at 25° C. ± 0.003° C. The
inversion tubes were kept immersed in the thermostat all of ths
time except when they were removed for readings.
All pipettes and flasks were calibratsd to deliver or
hold tho requisite amounts at 25° C. Ths pipettes wars calibratsd
by weighing, and the flasks wsre calibratsd by means of U. S.
Bureau of Standards' burettes.
The conductivity apparatus consisted of the following
pieces of equipment: a Leeds and Northrup 0 9,999 ohm ,four -
dial resistance box, a Kohlrauseh slide -wire-box -fore bridge, with
a seals divided into 1000 divisions, a Proas conductivity cell, a
tuned oscillator, and a set of tunable ear phones.
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Reagents anaplpyetl
Tha sugar used in thsaa determinations was
Merck's Blue Label High Grade Saccharose.
The conductivity wator was prepared by redistilling
distilled water from potassium permanganate, and had an ex-
tremely low specific conductivity.
The original acid solutions were made from chemically
pure acid, and were standardized against Iceland Spar. All of
the dilutions were mads with conductivity water at 25°C. The
calibrated flasks and Bureau of Standards burettes were used in
preparing these dilutions.
Procedures and Formulas
The sugar solution was prepared as follows: 20 grams
of sugar were weighed out and dissolved in 80 grams of conductiv-
ity water,thus making a 20 per cent solution by weight. Usually
100 grams of sugar and 400 grams of conductivity water were used,
and then 50 ce. of this was pipetted out for each determination.
The only reason for this was to procure greater accuracy.
The method of starting the reaction was as follows:
The sugar solution and acid solution were placed in the thermos-
tat and brought to 25° C. Water from the thermostat was passed
through the water jacket on the inversion tubes in order that the
temperature of the tube might be as near 25° C. as possible when
the mixture of acid md sugar «aa introduced. Aftar the
sugar and acid solutions had attained a temperature of 25° C,
50 ce. of each were pipetted into a flask and thoroughly
shaken. The mixture wae then poured into the inversion tube
and the initial reading taken. The reminder of the mixture
•as kept in a stoppered flask in the thermostat in order that
the end point might be taken.
The initial reading, that ie a©, eas observed directly
and this reading was made as soon as possible (perhaps three
minutes at the most) after the sugar and acid were mixed.
The end point was observed directly and was taken as
that point at which there was no more change in optical rotation.
The formula for a simple unimoleeular reaction was
employed in every ease: namely,
k - —i— In a
t a - x
*
or change leg0 to logio
k - 1»3025 log a
t a - x*
where t is for time in minutes, a is the total change in angular
rotation (a0 - a and (a - x) is equal to the concentration
of the sucrose left at any time t, i.e., (e^ - a ^ )
.
The Tablaa
In the table* of experimental data that follow,
wherever acid concentrations are referred to, it is the
final concentration that is signified. For instance, where
0.5 M. HC1 is mentioned, it infers that SO cc. of 1 M. HC1
and 50 ce. of 20 per cent sugar have been mixed and hence
the resulting mixture contains 0.5 If. aeid.
EXP1MW9ITAL DATA
Table 1
25° C. 33k S«g
Time
(Minutes)
Polarisoope
Readinn (a - x) |
0 13.98° 18.48 Mm
27.00 6.54 13.04 0.01291
38.33 6.68 11.18 0.01311
47.25 5.49 9/9 0,01302
55.50 4.46 8.96 0.01304
65.50 3.49 7.99 0.01280
74.80 2.48 6.98 0.01302
81.50 2.00 6.50 0.01282
92.50 1.14 5.64 0.01283
101.00 0.56 5.06 0.01282
108.66 0.02 4.52 0.01296
117.00 -0.40 4.10 0.01287
127.50 •1.01 3.49 0.01307
161.00 -2,27 2.23 0.01313
284.00 -4.02 0.48 0,01285
End -4.50
Average 0.01295
Table 2
25°C, 0.9 14. HC1 20^ Sugar
Tin*
(Minutes)
Polariseope
Reading
(• - «) k
0 14.20 18.67 WW
23.00 9.98 14.45 0.01114
34.50 8.27 12.74 0.01108
43.33 7.12 11.59 0.01101
53.25 5.89 10.36 0.01106
82.00 4.94 9.41 0.01105
71.00 3.98 8.45 0.01116
81.50 3.15 7.62 0.01100
91.00 2.33 6.80 0.01110
100.75 1.63 6.10 0.01110
125.50 0.10 4.57 0.01121
142.00 -0.65 3.82 0.01117
157.00 -1.26 3.21 0.01121
281.00 -3.70 0.77 0.01109
"n.. -4.47
Average
mutt
0.011U
Table 3
25° G 0,8 M. HC1 2($ Sugar
Tins Polarlseope (a - x) |(Minutee) Reading
0 14.25° 18.69
17.33 11.47 15.91
29.00 9.76 14.20 0.009473
47.16 7.55 11.99 0.009413
65.50 5.68 10.12 0.006366
76.00 4.65 9.09
85.00 3.93 8.37
97.00 2.98 7.42 0.009524
109 .33 2.16 6.60 0*009521
119 .50 1.62 6.06 0.009425
136.00 0.75 5.19 0.009421
151.25 -0.02 4.42 0.009532
170.00 -0.67 3.77 0.009417
Wai -4.44
Average, 0.009443
Table 4
25° C. 0.7 tt. HC1 ZOj 8^pMT
Time
f 1M r>n+. i»n \\HUlUbW t
Polarlscope
ill HIT
(a - x) k
0
0
14.06
22.00 11.25 m tut19.DO
30.50 10.19 1% .3U
50.00 ft 19 0.007845
6U.&U 7 If) 11.49 0.007783
71.5U It PA 10.55 0.007780
en rtA 9.81 0.007861
OV • #9 4.83 9.14 0.007796
102.50
i
3.86 8.17 0.007921
112.50 3.25 7.55 0.007906
129.00 2.34 6.65 0.007889
145.00 1.53 5.64 0.067915
163.00 0.73 5.04 0.007943
End -4.31
Average, 0.007839
Table 5
25° C. 0.6 M. HC1 2<# Sugar
Time
( Hi nutm \
Polariseope (a - x) k
0 14.24 - 18.56
11.19 15.51 0.006412
8.93 13.25 0.006575
64 7.94 12.26 0.006479
89 6.02 10.34 0.006573
101 5.30 9.62 0.006506
117 4.34 8.66 0.006515
131 3.54 7.86 0.006559
149 2.75 7.07 0*006477
162 2.08 6.40 0.006572
175 1.50 5.82 0.006627
187 1.17 5.49 0.006514
205 0,52 4.84 0.006559
263 -1.06 3.26 0.006613
277 -1*30 3.02 0.006555
300 -1.76 2.56 0.006603
End -4.32 mm
Average 0.006542
fable 6
25° C. 0.5 M. HC1 20j£ Sugar
Tim
(Minutes)
Polariseope
Heading
(a - x) k
0 14.31° 18.57 ttaa
3? .25 11.05 15.31 0.005181
60.75 9.36 13.62 0.005103
91.25 7.39 11.65 0.005109
123.08 5.58 9.84 0.005159
157.66 3.90 8.16 0.005215
183.00 2.96 7.22 0.005162
209.50 2.02 6.26 0.005175
240.33 1.04 5.30 0.005217
283.50 -0.01 4.25 0.005201
308.66 -0.52 3.74 0.005191
331 .33 -0.88 3.38 0.005142
362 .06 -1.48 2.78 0.005245
422.50 -2.20 2.06 0.005204
480.00 -2.72 1.54 0.005187
End -4.26
Average 0.005178
Table 7
25° C 0.45 H. HC1 0/' 3ua;ar
Time
(Minute*)
Polarise epe
Reading
U - x) k
0 14.32 18,45 *•—
29.00 12.04 16.37 0.004496
60.00 9.91 14.24 0.004496
88.00 8.19 12.52 0.004529
118 .00 6.62 10.95 0.004513
151.00 5.07 9.40 0.004537
207.50 2.96 7.29 0.004527
230.25 2.26 6.59 0.004516
255.00 1.47 5010 0.00(580
284.25 0.82 5.15 0.004527
323.00 -0.06 4.27 0.004564
429 .50 -1.67 2.66 0.004534
482.50 -2.27 2.06 0.004566
End -4.33 few
Average 0.004532
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Table 8
25° C 0*4 M. HC1 20$ Sugar
Time Polariseope (« • x) I
0 ni Art* 1ft Aft
C mm r\f\57.00 xU.Oo 0.003908
ft 7*» 13.02 0.003945
n to en 11.75 0.003912
J.%3 «J>U 6.36 10.63 0.003875
202 .16 4.15 8.42 0.003942
225.00 7 Alt
258.00 2.55 6.82 0.003906
279 .00 2.02 6.29 0.003893
338.00 1.09 5.36 0.003926
393.00 -0.32 3.95 0.003953
480.00 -1.48 2.79 0.003952
-4.27
Average 0.003925
Tabla 9
25° C. 0.4 H. HC1 20^ Sugar
Tim Polar!acope
Readinn
(a - x) k
0 14 4"?
59.00 11 .Id 0.003258V Wag*a^W
91.00 9.62 19 TO
116.66 it aa a* «ia 0 003297
149.33 7.0B AJ-.J3 n .003343
197.00 0.003368
227.00 4.49 8.76 0.003341
252.23 3.78 8.06 0.003341
MM KA 2.84 7.11 0.003362
328.26 1.93 6.22 0.003353
364.00 1.21 6.48 0.003378
399.00 0.67 4.94 0.003353
431.00 0.11 4.38 0.003367
482.00 -0.57 3.70 0.003361
Bid -4.27
Areraga 0.003342
Tr/ol 1.0
•9 w • 0.3 U. HC1 20/£ Sugar
Time
(Minutee)
PolariBcope
Reading
(• - x) k
0 14.32° 16.57
83.00 10.56 14.81 0.003725
141.00 8.32 12.57 0.002767
189.00 6.71 10.96 0.002790
219.00 5.79 10.06 0.002808
256.66 4.84 9.09 0.002783
281.25 4.11 8.36 0.002837
321.00 3.32 7.57 0.002795
357.00 2.62 6.87 0.002785
369.00 2.06 6.31 0.002775
424.00 1*34 5.59 0.002831
480.00 0.55 4.80 0.002818
End -4.25
Average 0.002792
Table 11
25° C. 0.25 M. HOI 20/C Sugarf u
ilnv
(Minutes)
Folari ac ope
Reading
V» - x) k
0 14.50 0 18.77 —
59.33 12.22 16.49 0.002183
115.50 10.27 14.54 0.002211
148.33 9.20 13.47 0.002237
174.83 e.43 12.70
*
0.002234
see .is 7.53 11.80 0.002230
302.00 5.29 9.56 0.002234
32S.66 4.67 6.94 0.002250
365.50 4.02 6.29 0.002238
391.16 3.50 7.77 0.002250
418.33 3.05 7.32 0.002251
447.33 2.72 6.99 0.002206
480.00 2.09 6.36 0.002254
End -4.27
Average 0.002231
Table 13
25° C 0.8 M. HC1 ««s.ex.
TAmm1X8X>
(Minutes)
roJAn.scope
Reading
(a - x) i
0 14.43
°
16.68 mm
20 13.79 18.04 0.001743
51 12.86 17.11 0.001722
82 11.97 16.22 0.001722
109 11.22 15.47 0.001730
155 9.98 14.23 0.001755
180 9.42 13.67 0.001799
198 8.96 13.21 0.001750
254 7.?0 11.95 0.001732
274 7.32 11.57 0.001748
294 6.89 11.14 0.001758
314 6.52 10.77 0.001754
366 5.60 9.85 0.001749
396 5.03 9.28 0.001767
426 4.56 8.81 0.001764
End -4.25
Average 0.001745
Table 13
25° C. 0.15 H. HC1 20f, Sugar
Tine Polar!soops
Reading
I* - x) ft
i :_:L: ,
0 14.56 0 18.81 —
91 12.46 16.71 0.001301
124 11.75 16.00 0.001305
201 10JI5 14.50 0.001294
234 9.64 13.89 0.001293
273 8.99 13.24 0.001286
310 8.41 12.66 0.001277
333 7.98 12.23 0.001293
361 7.54 11.79 0.001294
399 6.93 11.18 0.001304
430 6.52 10.77 0.001297
432 6.27 10.52 0.001286
483 5.79 10.04 0.001294
-4.25
Average 0.001293
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Table 14
25° C. 0.1 M. HC1 20£ Sugar
Tiae Polariscope (a - x) k
(Minutes) Reading
0
A
14.62 18.81 —
54.75 13.77 17.96 0.0008445
145.50 12.47 16.66 0.0008343
174.00 12.08 16.27 0,0008337
271.66 10.80 14.99 0.0008356
336 .63 10.00 14.19 0.0008368
422.75 9.04 13.23 0.0008324
454 .25 8.69 12.88 0.0008337
480.00 8.41 12.60 0.0008347
819.00 5.32 9.51 0.0008326
1687.00 0.42 4.61 0.0008335
1998.00 -0.64 3.55 0.000834S
Bad -4.19
Average 0.0008351
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Table 15
25° C 0.05 II, HC1
,
z
.°& s«8«",
,
.....
Time
(Minute*)
Polariseop*
Reading
(a - x) k
0
164
14.64°
13.35
18.84
17.56 0.0004291
206 13.13 17.33 0.0004016
26S 12.68 16.86 0.0004099
329 12.28 16.48 0.0004068
377 11.96 16.16 0.0004070
426 11.62 15.82 0.0004101
475 11.29 15.49 0.0004122
525 10.99 15.19 0.0004101
1168 7.49 11.69 0.0004066
1244 7.11 11.31 0.0004102
1309 6.86 11.06 0.0004069
1386 6.54 10.74 0.0004055
1469 6.16 10.36 0.0004071
End -4.20
Average 0.0004096
Tabl» X6
25° C. 0.01 M. HC1 20jC Sugar
ivA8»riBovww (a - x) k
(Minutes) Reading
0
e
14.68 18.93
294 14.14 18.39 0.0000906
489 14.00 18.25 0.0000834
606 13.T2 17.97 0.0000636
811 18.42 17.67 0.0000649
1678 12.26 16.51 0.0000815
1992 11.87 16.12 0.0000607
2193 11.65 15.90 0.0000796
3003 10.74 14.99 0.0000777
3311 10.31 14.56 0.0000793
3642 10.09 14.34 0.0000763
4441 9.19 13.44 0.0000771
4798 8.80 13.05 0.0000775
End -4.25
Average 0.0000810
Tfcble 17
25a C 0.5 M. HaS04 ZOfL Sugar
Time
\ jUUttvVV /
Polariacope
Readirw
(* - x) k
14 39* 18.82
35 10 95 15.38 0.005767
4.97 9.40 0.005883
142 3.71 8.14 0.005903
155 3.44 7.57 0.005864
171 2.46 6.91 0.005859
1B4 1.97 6.40 0.005662
199 1.36 c ifn
212 1.06 $.49 0.005811
228 0.64 5.07 0.005753
245 0.13 4.56 0.005786
260 -0.26 4.17 0.005796
277 -0.T2 3.71 0.005862
lad -4,43
Arorage 0.005839
Table 18
0
25 C. 0.45 M. H8S0i 20£ Su^ar
Tim
(Minutes)
Polariseope
Reading
(• - *) k
0 14.40 ° 18.76 Mb
30.00 11.73 16.07 0.005158
132.00 6.13 10.49 0.005190
136.25 4.91 9.27 0.005174
150.30 4.21 6.57 0.005212
165.50 3.63 7.99 0.005157
179.00 3.10 7.46 0.005151
193.50 6.64 0.005214
206.50 2.02 6.38 0.005223
222.00 1,62 5.98 0.005150
239.00 1.11 5.47 0.005156
254.00 0,67 5.03 0.005182
273.00 0.14 4.50 0.005229
291.00 -0.25 4.U 0.005217
End -4.36
Average 0.005165
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Table 19
25° C. 0.4 «. H-SO* 20£ Sugar
Time
(ilinates)
Polariscope
Reading
(a - x) k
0 14.35 18.75
56 10.14 <a a a* a14.54 0.004501
107 a* ** aT.24 11.64 0.004455
131 5.99 10.39 0.004506
145 5.35 9.75 0,004510
160 4.76 t JL6 0.004477
188 3.69 8.09 0.004471
201 3.26 7.66 0.004453
21? 2.74 n V A7.14 0.004449
234 2.16 6.56 0.004467
249 1.74 6.14 0.004483
267 1.19 5.59 0.004532
Sad -4.40
Average 0.004482
•Sable 20
?5° C. 0.35 K. H-SO* M ' |feMM
Time
(Minutes)
Polariseope
Reading
(a - x) k
0 14.30 18.56 —
94.0 8.66 12.92 0.0038S3
118,0 7.57 11.83 0.003817
132.0 6.86 11.12 0.003881
147.5 6.20 10.46 0.003889
160.5 5.68 9.94 0.003890
175.0 5.14 9.40 0.003887
16* .0 4.74 9.00 0.003830
304.0 4.24 8.50 0.003828
221.0 3.56 7.82 0.003911
236.0 3.13 7.39 0.003902
254.0 2.61 6.87 0.003913
2T3.0 2.15 6.41 0.003894
317.0 1.16
-4.26
5.42
Average
0.003883
0.003875
fable 81
25° C. 0.3 M. H?S04 20*' Supar
Time
VMinutes j
| Polariseope 1 U - x)
—
1
k
e
x » . * •* 18.70
IS 12.42 16.69 0.003248
M
• i 11.76 16.03 0.003243
73 10.52 14.79 0.003213
Bfi 9.89 14.16 0.003272
100 9.27 13.54 0.003229
115 8.66 12.93 0.003208
135 7.81 12.08 0.003237
146 7.35 11,62 0.003259
15© 6.94 11.21
171 6.55 10.82 0.003200
189 5.86 10.13 0.003243
263 3.72 7.99 0.003233
285 3.04 7.31 0.003295
End -4.27
Average 0.003246
56
TV-Lie 22
25° C. 0.25 M . Hi..S04 Su<*ar
Time
(tfinutc*)
Polariscope
Reading
(a - x) ft
0 14.40° 18.67
38.75 12.59 18.86 0.002631
14* .S3 8.42 12.67 0.002649
195.50 6,79 11.06 0.002678
231.00 5.89 10.16 0.002634
259.00 5.05 9.32 0.002682
287.00 4.41 8.68 0.002668
321.00 3.70 7.97
347.00 3.15 7.4S 0.002659
175.00 2.59 6.86 0.002670
405.00 2.02 6.29 0.002686
488.00 0.75 5.02 0.002691
673.00 -1.18 3.09 0.002573
M -4.27
Arerage
Tabla 23
0
25 C, 0.225 M, H,S0t 20^ Sugar
Time
(Minute*)
Polariseope
Reading
(a - x) k
0 14.50° 18.86
32 13.14 17.50 0.002339
90 10.92 15.28 0,002339
122 9.84 14.20 0.002326
151 8.88 13.24 0.002343
226 6.71 11.07 0.002355
267 5.70 10.06 0.002354
305 4.76 9.12 0.002382
249 3.93 8.29 0.002355
387 3.14 0,00*983
401 8.77 7.13 0.002378
454 2.06 6.42 0.002375
486 1.70 6.06 0.002336
-4.36
Areraga 0.002355
Table 24
25° C. 0.2 M. H«804 2Qj Sugar
Time
VMinatee)
j
Polariseope i
RemAin*
j
(a - x) k
0 "IA Aft
0 in ftftAO ,00
do.q 19 Alt 0 001982
lie nJ-XD .U 0 002041
O Aft
~
.00 14 OB 0.002037
4.7O.s 13.13 0.002058
219.5 7.57 11.87 0,002076
260.0 6.65 11.05 U.UUBCUOU
298.0 5.78 10.18 0.002073
363.0 4.1T 8.57 0.002062
402.0 3.86 8.26 0.002056
447.0 3.14 7.54 0.002053
480.0 2.51 6.81 0.002084
End -4.40
ATerage 0.002054
5?
Table 25
25° C. 0-175 «. HeSO* 20* Sfff
Time
(Minutes)
Polftri.seop*
TfTftflTK
(s - x)
I
1
0
26.00
14.54°
P.60
18.98 ...
18.04 0.001814
56.00 12.73 17.17 0.001790
85.00 11.82 16.26 0.001820
146.25 10.10 14.54 0.001822
211.50 8.44 12.88 0.001833
269.00 7.26 11.70 0.001799
3u* .dv.' 6 56 11.00 0.001803
347.00 5.66 10.10 0.001818
383.00 5.06 9.50 0.001807
486.50 4.45 8.85 0.001789
480.00 3.59 8.03 0.001792
End -4.44
AYsrage 0.001808
Table 26
20% Sagj&r
0
22.0
82.0
1*0.0
142.0
175.5
204.5
261.5
296.0
341.0
377.0
EBd
14.44
13.81
12.50
11.24
10.77
10.06
9.41
8.28
7.54
6.77
6.22
-4.58
19.02
18.39
16.78
15.52
15.35
14.64
13.99
12.86
12.18
11.55
10.80
0.001531
0.001528
0.001535
0.001510
0,001491
0.001502
0.001497
0.001522
0.001514
0.001501
Aremtrn 0.001513
Table 27
c
25 C. 0.125 M. H»804 2Qj 8tfgar
Tine
(Minutes)
PftTflT*i«fl ATM
Reading
(a - x)v— — */
0 14.56° 18.82 —
67.00 13.05 17.31 0.001248
191.50 10.47 14.73 0.001279
227.00 9.74 14.00 0.001303
231.50 9.31 13.57 0.001301
282.00 8.83 13.09 0.001288
314.50 8.24 12.50 0.001326
342.50 7.74 12.00 0.001314
368.00 7.34 11.60 0.001315
399.00 6.95 11.21 0.001299
447.30 6.27 10.53 00001298
480.33 5.83 10.09 0.001298
671.00 3.48 7.74 0.001294
1473.00 -1.43 2.61 0.001291
1773.00 -2.41 1.85 0.001308
2037.00 -2.98 1.28 0.001319
End -4.26
Average 0.00129?
Table 28
0.1 M. HaSO*
TS maIXIIO Polariseop
•
(» - x) K
(Minutes) Reading
0 14.45° 18.65
62.5 13.31 17.51 0.001014
90.0 12.78 16,96 0.001042
160.0 11.58 15.76 0.001044
186 .0 11.22 15.42 0.001023
269.0 9.94 14.14 0.001029
293.0 9.60 13.80 0.001028
349.0 8.91 13.11 0.001010
386.0 8.41 12.61 0,001018
414.0 7.94 12.14 0.001037
441.0 7.54 11.74 0.001049
466.0 7.20 11.40 0.001056
-4.20
Average 9.001032
Table 29
25° C 0.075 M
.
H,80f 20# Sugar
Tiae Polariseop« (• - x) |
t U4 nut &a \
V JninUwOS J
,?^y«dML- - .
o
1A. c.'a IB AT2o .or
AOs 19 n U.CKA7/7Z©
aj..uo U.UWTO*
f
mmM 14. £9 n nnnvn?K
1 4 RK U.UWiOOl
TlV O.YA
pAJ 1 9 AAA*.90 U,UWlOAS
1164 3.17 7.51 0.0007915
1839 2.80 7.14 0.0007844
1303 2.36 6.70 0.0007946
1382 1.98 6.32 0.0007915
1472 1.54 5.88 0.0007921
M -4.3*
ATeraga 0.0007849
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Table 30
85° C. 0.05 M. H38O4 2Q& Sugar
Time
(Minutes)
Polar!seepe
Reading;
(a - x) I
0
0 14.47 18.68
132.00 13.25 17.46 0.0005116
268.50 12.04 16.25 0.0005191
328.00 11.54 15.75 0.0005206
385.50 11.09 15.30 0.0005178
439.2S 10.57 14.78 0.0005331
478.00 10.35 14.56 0.0005261
657.00 9.03 13.24 0.0005251
1465.00 4.28 8.49 0.0005382
2031.00 2.07 6.28 0.0005367
End -4.21
Average, 0.0005254
1
Table 31
e
25 C. 0.025 tf„ HflSO^ 20)C Sugar
Tine
(Minutes)
Polarisenra
Raadinp
(a . *\\m. - X) ft
0 14.55° 18.89
149 13.76 18.10 0.0002866
263 13.19 17.53 0.0002841
320 12.94 17.28 0.0002784
m 12.61 16.85 0.0002837
12.28 16.62 0.0002883
515 12.00 16.34 0.0002816
1150 9.28 13.62 0.0002820
1235 8.98 13.30 0.0002841
1299 8.75 13.09 0.0002824
1379 8.38 12.72 0.0002868
1458 6.15 12.49 0.0002818
1559 7.82 12.16 0.0002807
2nd -4.34
Arerage 0,0002834
Table 32
2S° 0. 0.006 M. HgSO* 20< Sugar
Tins Polariseope (a - x) k
(Minutes) Heading '
0 14.56° 18.76
649 13.7* 17.99 0.00006457
W58 12.80 17.00 0.00006756
2°26 18.17 16.37 0.00006726
9313 5.83 10.03 0.00006 r/48
lO^S 5.11 9.31 0.00006753
11549 4.44 8.64 0.00006713
12986 3.74 7.94 0.00006621
End -4.20
Average 0.0000668
Table 33
25 C. 0.4D M. H-»C204 20# Su^ar
Time Polariscope (a - x) k
(Minut as) Reading
mo 18.78
47 13.36 17.65 0.001321
106 11.94 16.23 0.001377
130 11.43 15.72 0.001368
155 10.94 15.23 0.001352
179 10.38 14.67 0.001380
204 9.94 14.23 0.001360
226 9.50 13.79 0.001367
288 9.05 13.34 0.001352
261 e.i* 12 .81 0.001361
307 8,01 12.30 0.001378
335 7.70 11 .&9 0.001370
361 7.21 11.50 0.001359
385 6.79 11.08 0.001370
End -4.29
Awrags 0.001363
58
Table 3*
25° C. 0.4 «. HgCaQ* 20^ Sagar
Tine
Jinutea)
r
—
Polariseop*
Raiding
(• - x)
1
*
0 14.52°
13.60
18.78
17.8642 0.001196
62 13.10 17.36 0,001268
125 11.77 16.03 0.001267
173 10.81 15.07 0,001272
198 10.40 14.66 0.001251
222 9.96 14.22 0,001253
248 9.49 13.75 0,001257
276 9.00 13.26 0.001261
301 8,60 12.86 0,001258
330 8,06 12.32 0,001277
356 7.67 11.93 0.001275
379 7.37 13.63 0.001264
End -4.26
Average 0.001258
0
25 C 0.35 M. HsCcO* 20^ Sugar
Time
(Minutes)
Polariseope (a - x) k
0 14.50
0 18.78
45 13.56 17.84 0.001142
86 12.71 16.99 0.001165
111 12.25 16.53 0.001150
136 11.75 16.03 0.001164
160 11.37 15*65 0.001140
185 10.88 15.16 0.001157
208 10.52 14.80 0.001145
235 10.06 14.34 0.001148
263 9.59 13.87 0.001152
289 9.19 13.47 0.001150
315 8.85 13.13 0.001136
342 8.45 12.73 0.001137
366 8.06 12.34 0.001147
398
End
7.64
-4.28
11.92
«•*»
Average
0.001142
0.001148
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0
25 C, 0.3 If. HsCsO* 20/* Sugar
(Minute*)
Polariseope
Reading
(a - x) k
0 IS VA.AO. f*
OS if »*9
uu 19 eOT 10,04 n OO1Q20
i 91w u inAa.JLU
»
.1 «? 0 001028
11 31 15.56 0.001033
203 10.99 15.24 0.001018
229 10.52 14,77 0.001039
258 10.18 14.43 0.001013
284 9.79 14.04 0.001017
311 9.35 13.60 0.001031
337 8.97 13.22 0.001035
361 8.68 12.91 0.0010)2
393 8.25 12.50 0.003015
Xnd -4.25
Average 0,001026
Table 37
25° B 0.25 M. H50s0« 30# S«gar
Time Polariseope la - x} vK
(Minutes) Heading
0 14.55° 18.78 MM
55 13.65 17.88 0.0008930
173 11.79 16.02 0.0009182
211 11.30 15.53 0.0009003
242 10.89 15.13 0.0008? 30
272 10.49 14.72 0.0008955
332 9.75 13.98 0.0008890
39? 8.94 13.17 0.0009052
424 8.56 12.79 0.00O9O60
469 8.12 12.35 0.0008937
511 7.61 11.84 0.000K«C
556 7.22 11.45 0.0008899
End -4.P3
Average 0.0008990
Table 38
25° C 0.225 M. HaCaO* 2Qf Sugar
Tiffie
1 U4 v»i-f — \
Polarlscope (a - x)
I
k
ttw 14.53
° 18.78
13.17 17.43 0.0008084
157 12.27 16.57 0.0008149
19 & 11.75 16.00 0.0008216
226 11.35 15.60 0.0008210
256 10.98 15.23 0.0008185
10.58 14.83 0.O00825T
316 10.21 14.46 0.0008272
1 14.09 0.0008304
376 t.54 13.79 0.0008214
407 9.14 13.39 0.0008318
8.70 12.95 0.0008278
m 1 8.17 12.42 0.0008353
541 7.67 11.92 0.0008402
Kni -4.25
0.0008249
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Table 3»
25o c 0.2 M. HsC?0.« 20* Sugar
Tine Polariecepe (a - x) k
0
mm mm 014.42 XB.7*
143 12.54 J.p .0*r 0.0007402
181 12.07 ''ft 37
0.0007411
212 Ai.oO 15.96
0.00O7524
242 11.37 15-67
0.0007349
272 11.04 15 34±mj * *
0.0007321
302 10.36 14.96 0.0007424
331 10,33 14 63
0.0007414
362 10.00 14.30
Q.00OT4*3
393 9. 58 13.98
0.0007429
437 9.25 13.55
0.0007396
483 8.73 13.03
0.0007533
526 8.30 12.60
0.0007525
Bad -4.30
Average 0.0007437
25° C. 0.175 M. H*C?04 20f Su-/ir
Time Polariseop* U - *) k
0 14.49° 18.77
128 12.90 ^ fff17 .18 n rtAAi Cl^
&
186 12.47 XO./9
197 12.10 16.36
228 11.80 lo.OB O.OUUo io%
257 11.50 13.78 0,0006/ 31
287 11.19 A3.to 0 0004826
316 10.90 13.18 0.0006717
547 10.58 14,86 0.0006731
378 10.33 14.51 0.0006809
421 9.75 14.03 0.0005913
466 9.35 13.63 0.0006866
511 8.97 13.25 0.0006815
ln<! -4.28
At-rage 0.0006825
£19 w 0.150 M. HsOsO* 20$ Sugar
!
Polariseope
Beading
Time
imitates)
(a. - x) k
o
0
14.46 18.72 mmm
TOO 13.39 17.63 0.0006000
Mi 12.64 17.08 0.0005953
12.16 16.40 0.0005987
275 11.65 15 .B»
0.0005SS1
11 15.26 O.00O60E9
10.44 14.68 0.0006108
453 10.01 14 .29
0.0006023
7OP 7.95 12.19 0,0006057
1376 3.3* 8.06
0.0006124
3.46 7.70 0.0006120
1521 3.08 7 32
0.0006173
1592 2.81 7.05
0.0006134
1887 2,52 6.76
0.0006147
1729 2.20 6.44
0.0006171
End -4.34
ATsrage 0.0006071
1
25 C. 0.125 M.
Tiina Polarlscop*
r. ;: J: •.
-
(e - x) 1
0 14,60 0 ie.80
143 13,18 17.38 0.0CO5492
328 11.50 15.70 0.0005494
387 11*00 15.20 0.0005493
442 10.55 14.75 0.0005489
697 P.66 12.86 0.0005448
1366 4.76 8.96 0.0005425
1438 4.36 6.56 0.0005467
1510 4.02 8.5*2 0.0005479
la i 3.74 V4 0.0005452
1646 3.49 7.69 0.0005431
171S 3.19 *.38 0.0005435
1774 2.94 7.14 0.0005457
Sad -4.20 Mm
Avera&ft 0.0005464
Table 43
25 C. 0,1 M.
Time
(Minute*)
Polariseopa
Reading
(a - *) k
0 14.54 18.74
197 12.98 17.18 0.0004412
251 12.51 16.71 0.0004567
315 12.01 16.21 0.0004605
374 11.61 18.81 0.0004546
429 11.22 15.42 0.0004545
684 9.54 13.74 0.0004537
1353 5.88 10.08 0.0004583
1426 5.58 9.78 0.0004560
9 46 0.0004562
1568 4.99 9.19 0.0004544
1632 4.70 8.90 0.0004562
1704 4.43 8.63 0.0004550
1760 4.20 8.40 0.0004559
Bid -4.20
Average 0.0004548
Tabla 44
25° C. 0.075 II. HaCaO* 2(# Sugar
Tine
{Mlnutee)
Polariseope (• - x) k
0
0
14.50 18.70
150 13.54 17.74 0.0003514
m 13.04 17.24 0.0003628
280 12.69 16.89 0.0003635
360 12.21 16.41 0.0003628
435 11.80 16.00 0.0003585
531 11.25 15.45 0.0003595
675 10.46 14.66 0.000360O
1380 7.16 11.36 0.0003612
1608 6.21 10.41 0.0003643
1760 5.66 9.86 0.0003636
1955 4.94 9.14 0.0003662
2107 4.47 8.67 0.0003648
2811 2.51 6.71 0.0003646
Knd -4.20
Average
25 C.
Table 45
0,05 ii* ~\jr sugar
tim
(Minutes)
Polariseope
Heading \a - x) K
i 14.52 18.76
—
-
214 13.52 17.76 0.0002560
275 13.24 17.48 0.0002570
424 12.58 16.62 0.0002574
520 12.14 16.38 0.0002609
664 11.54 15.78 0.0002605
1370 8.75 13.00 0.0002676
1599 7.98 12.28 0.0002680
1750 7.58 11.82 0.0002639
1944 6,91 11.15 0.0002676
2099 6.44 10.68 0.Q0Q25S3
2801 4.68 8.92 0.0002654
3139 3.98 8.22 0.0002629
2nd -4.24
Average 0.0002630
Table 46
25° C. 0.085 I. HaCtO* 20* Sugar
(Minutes)
T>r»T t> f»4 AftABA
Reading
(a - x)
14.56°0 18.76
331 13.73 17.93 0.0001367
/
407 13.47 17.67 0.0001471
503 13.24 17.44 0.0001450
646 12.89 17.09 0.0001443
1356 11.02 15.22 0.0001542
1581 10.43 14.63 0.0001571
1732 10.23 14.43 0.0001515
1926 9.80 14.00 0.0001519
2081 9.48 13.68 0.0001517
2783 8.14 12.34 0.0001505
3120 7.52 11.72 0.0001508
3349 7.U 11.32 0.0001508
4541 5.24 9.44 0.0001513
End -4.20
Average 0.0001494
25° C 0.005 M. HsCsO« 20^ Sugar
Tims
(MiRut.es)
Polariseope
Reading
U - x)
0
0
14.44 18.66
424 14.16 18.40 0.0000356
660 14.04 18.3 0.0000318
1349 13.60 17.84 0.00003^
1564 13.44 it eft
3045 12.46 16.70 0.00003SE
3288 12.30 16.54 0.0000370
4200 11,65 15.89 0.0000385
4522 11.24 15.43 0.0000416
4833 10.37 15.21 0.0000425
Aid -4.24
Average 0.0000370
In Tables 1 to 47 the data from all the inversions
are given. These tables include the time in minutes, the
changs in angular rotation, the amount of sucrose remaining
in the mixture, and the unimolecular Telocity constant.
With hydrochloric acid, sixteen different dilutions of acid
sere used, ranging from 1.0 molar to 0.01 molar. In the case
of sulfuric acid, sixteen dilutions were also used, but thess
ranged from 0.5 - 0.005 molar. Oxalic acid was employed as ths
third catalyst, and owing to its relatively low solubility, con-
csntrations ranging from 0.45 - 0.005 molar wsre ussd, 0.45 being
the most concentrated solution ws could keep in solution readily
at 25°. In the case of oxalic acid, only the ionization of the
primary hydrogen ion was considered in any of ths data givsn.
Table 48 is a chart containing the average inversion
constants for all the different dilutions of acid used. It merely
states, in a compact form, the relations existing between ths
various acids at different concentrations and the relative
speeds of the reactions.
Tables 49 to 51 show ths rslation bstwsen ths degree of
ionization and the hydrogen-ion concentration of the different
acids at ths beginning of ths invsrsion proesss and at ths snd,
Ths method used for determining the degree of ionization
and the hydrogsn ion concentration was ths conductivity method.
(25)
Conductivity determinations have been made by Green on solution*
containing sucftose, hydrochloric acid, and lithium ohloride, while
Kieran ^ 33^ used solutions containing sucrose, hydrochloric
(38)
acid, and potassium chloride. Martin and Masson worked
on the same problem, and all of these men noticed that the
cane sugar had a decided effect on the conductivity of the
acid. They came to the conclusion that this effect was due
to the viscosity of the sugar solution, and hence calculated
a viscosity correction to be inserted in each determination.
It was observed in the present investigation that the degree
of ionization obtained for a certain concentration of acid
was about 12 per cent lower than it theoretically should be.
However, when the degree of ionization of the acid solutions
in sugar was calculated, the viscosity of the sugar solution
was disregarded and ths same figure for infinite dilution was
employed as would be used if the sucrose were absent. Herein
lay the large error observed, so rathsr than to attempt to
calculate a viscosity coefficient, a figure for the specific
conductivity of the acid at infinite dilution in 20 per cent
sugar was observed directly. The method consisted simply of
determining the specific conductivity at infinite dilution of
straight acid, and at the same time running checks in the
higher dilutions in 20 per cent sugar. Table 52 whows the
results of these determinations. Ihen the figures given in
this table are used, values for the degree of ionization, only
slightly lower than those obtained in the case of pure acid,
are obtained. This difference is undoubtedly due to the
hydration of the sucrose and to the one molecule of water used
in the reaction.
84
An attempt was made to cheek over the conductivity n«t»»*
ante with those sfetalBSs' with hydrogen-ion apparatus, using a
hydrogen electrode. It was found that again the viscosity of ths
sugar was so great that tho two methods failed to check. This
sane effect has been noticed by Lewis and his associates. In the
ease of strong acid solutions, no check between these two methods
could be obtained, but in the rery dilute solutions, a fair
check, at least within experimental error, was obtained.
(24) (66 ) , (30)
Goodwin and Haskell, whsthaa, Jones,
Kendall, *32 ) and others have all worked on the conductivity of
acid solutions and related problems. The work of these men is
often mentioned and hence their names are given as authentic
references en this subject.
Table 48
Average Inversion Constants
*—
—a
Molar
Cone
»
HCl H»S0« H2C9C** ** "*!£ *-*m
1.000 0.012950
0.900 0.011110 mm ww
0.800 0.009443 WW
0.700 0.007839 mm
0.600 0.006542
0.500 0.005178 0.0056390 mm
0.4S0 0.004532 0.0051850 0.0013630
0.400 0.003925 0.0044820 0.0012580
0.350 0.003342 0.0038750 0.0011480
0.300 0.002792 0.0032460 0.0010260
0.250 0.002231 0.0026640 0.0008990
0.825 0.0023550 0.0008249
0.200 0.001745 0.0020540 0.0007437
0.175 0.0018080 0.0006825
0.150 0.001293 0.0015130 0.0006071
0.125 3.0012990 0.0005464
0.100 0.0008351 0.0010320 0.0004548
0.075 3.0007849 0.0003618
0.050 0.0004096 0.0005254 0.0002630
0.025 ww 0.0002834 0.0001494
0.010 0.0000810 WW
0.005 0.0000668 0.0000370
THbl-s 49
Degree of Ionization and Hydrogen Io» Concentration
in 2<# Sugar Solution
of
Molar Start
"Sod
Concen-
tration
Degree of Grass of H
Ionization per litar
i>egrea of | Grass of H
Ioni*atien[ por liter
1.000
0.900
o.eoo
0.700
0.600
0.500
0.450
0.400
0.350
0.300
0.250
0.235
0.200
0.175
0.150
0.325
0.100
0.075
0.050
0.025
0.010
0.005
7P.19?
79.88
81.65
82.85
84.97
86.18
87.81
87.92
69.10
89.94
90.56
91.81
93.00
94.28
96.33
— «e>
3.00.00
0.7882
0.7247
0.6584
0.5846
0,5139
0.4344
0.3960
0.3545
0.3144
0.2720
0.22S2
0.1852
0.1406
0.0950
0.0486
0.0101
76.14
78.76
79.92
82.02
83.57
84.46
85.30
66.10
86.63
87.53
88.24
e»ejR
90.55
90.90
92.60
94.27
100.00
0.7675
0.7145
0.6445
0.5787
0.5054
0.4259
0.3871
0.3473
0.3058
0.2646
0.2225
0.1826
0.1374
0.0933
0.0475
mi —
0.0101
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Table 50
Degree of Ionization t.nd Hydrogen Ion Concentration
in 2C$ Sugar Solution
of Sulfuric Acid
Sm\. JL*Z * Start
WUilV* r J-
.
% t \ AJ Ol , vrSBB 01 a Dogreo of Qrsuaft of H
trtit ion Tf%f%4 4 AM Ionization per liter
1.000 wW
0.900
0,800
0.700
0.600
0.500 53.07 0.5350 53.15 0.5337
0.450 54.06 0.4907 53.37 0.4887
0.400 54.91 0.4428 54.42 0.4388
0.350 55.61 0.3924 55.10 0.3888
0.300 55.39 0.3380 55.21 0.3339
0.250 56.43 0.2644 55.69 0.2807
0.225 56.62 0.2568 56.20 0.2549
0.200 57.12 0.2303 56.51 0.2279
0.175 57.98 0.2046 57.19 0.2018
0.150 58.45 0.1768 57.72 0.1745
0.125 59.21 0.1492 58.67 0.1479
0,100 59.75 0.1205 59.52 0.1200
0.075 62.17 0.0840 61.02 0.0923
0,050 64.39 0.0649 62.64 0.0631
0.025 69.40 0.0350
0.010 WW ww
0.005 84.10 0.0665 64*93 0.0035
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Table 51
D8gre# of Ionization and Hydrogen Ion Concentration
in 20^ Sugar Solution
of Oxalic Acid
1.000
0.900
0.800
0.700
0.600
0.500
0.490
C.400
0.350
0.300
0.250
0.225
0.200
0.175
0.150
0.125
0.100
0.075
0.050
0,025
0.010
0.005
Molar Start
r— —
inConsen-
tfration
Bagrea of I Sr-its of H
Ionization j per litwr
Pegree of
Ionixation
Oraiso of H
jpar litor
32.81
34.10
35.25
37.43
40.55
41.59
43.67
45.55
46.98
50.46
53.38
60.69
63.03
73.63
93.38
0.1488
0.1375
0.1244
0.1132
0.1022
0.0952
0.0880
0.0604
0.0710
0.0636
0.0538
0.0459
0.0318
0.0186
0.0046
32.00
33.48
35.22
37.27
39.50
40.98
42.61
44.50
45.34
49.20
51.90
56,44
51.93
70.40
S8.69
0.1452
0.1350
0.1243
0.1127
0.0995
0.0929
0.0859
010765
0,0701
0.0630
0.0523
0.0442
0.0312
0.0178
mm
0.0045
Only the ionization ef the priis-ry K-ion eonsidorod.
DISCUSSION OF RESULTS
Armstrong and Caldwell/ Psnnyeuiek,*50* and
others point eat that the inrersien constants
increase slightly during an inversion. Armstrong and
Caldwell also claim that in the earliest stages of th«
rsaetion the inrersien process doss net obey the bus law
at all. Fron these results they are willing to postulate
that ths rsaetion, even with respect to the sugar, is set
strictly unimolocular throughout. This sans offset was
noticed in all this present investigation. A glance at
alaest any one of the tables shows that ths inversion con-
stants do increase slightly from the beginning to the end.
This increase in the inversion constant has been
attributed to eany causes. Ths first is that the strength
of the sold is increased because seae of the water in the
ayetok is removed by hydration of the sucrose and by one
molecule reacting with the sugar. Pennycuick is of the
opinion that this dscreass is watsr content Is sufficient to
account for ths increase in the constants. It has been shown
by several investigators that the hydrogen ion concentration
decreases during the process of inversion, but that ths activity
of the hydrogen ion inereasss. In my work the degree of
ionization and likewise ths hydrogsn ion concentration of the
acid sss found to decrease about 1-2 per cent during ths
inversion process, and the hydrochloric acid seemed to show a
greater decrease than either the sulfuric or oxalic. (See
Tables 49-51). It is the opinion of the author that this
decrease in the degree of ionization during the inversion
process is due primarily to the fact that one molecule of
water is used up in the reaction. The fact that the acid is
not quite as highly ionised in the first place, at a given
concentration in sugar, as it is in water is due, probably, to
hydrate foimation, as suggested by Scatchard (44> and by Lewi,
and his coworkers. As to whether this formation is a hexa-
hydrate or a dihydrate cannot be decided by these determinations.
In spite of the fact that the hydrogen-ion concentration decreases,
the inversion constants show a slight increase, as has already
been stated. Several authors, such as Jones and Lewis, Momn and
Lewis, Pennycuick, and others, have attributed this increase, at
least in part, to an increase in the hydrogen-ion activity. The
actual significance of the term
-activity*, as here applied, i.
too vague, in the mind of the author, to permit a discussion on the
subject. Ueing
-activity- in the sense of
-freedom or ability to
react-, one would say that the hydrogen-ion activity should
decrease; because *hen water is taken out, the eolution of acid and
•ugar becomes more concentrated, the viscosity is increased, and
hence the ions are not as free to move about as before.
Several tables have been prepared, showing the relation of
the inversion constant to the concentration of the hydrogen ion in
grams per liter, and in moles per liter. In the case of hydrochloric
acid, the results in Table 53 show that the ratio of the inversion
constant to the concentration of hydrogen ion steadily
increases and that, even in the case of the most dilute
solutions, there does not seen to be a direct proportionality
between these two, although the more dilute the solution the
nearer the reaction seems to follow the unimolecular law.
fales and Worrell claim that they found a direst relation
between these two factors only for the limited range between
0.01 and 0.001 moles of acid per liter. As «y determinations
wsrs carried out only down to a concentration of 0.01 mole per
liter, it is impossible to check with these investigators. The
results in Table 54 show the relation between the inversion con-
stant, the molar concentration, and the degree of ionization.
When the unimolecular inversion constant i6 divided by ths molar
concentration of the acid, the constant has really been changed
to one for a pseudo-unimolecular reaction. When this latter con-
stant is compared with the degree of ionization of the acid, a
fairly constant proportion is found between 0.25 and 0.01 moles
per liter, but above that the ratio increases as it did in the
case of the hydrogen ion concentration.
The results in Table 55 show the relation between the
speed of the inversion and the moles of hydrogen per liter present.
Here, again, there is a steady increase in the ratio number from
the most dilute concentration to the strongest.
?3
Table 53
Relation Between the Speed of Inversion and
the Hydrogen Ion Concentration of
Hydrochloric Acid.
Molar
Concen-
tration
Inversion
Constant
k x 10-*
1
Oram of H
per liter
Ratio
k x 10~4
°H
1.000 129.1 0.7882 164
0.900 110.9 0.7247 153
0.800 94.7 0.6584 143
0.700 78.5 0.5846 134
0.600 65.5 0.5139 127
0.500 51.9 0.4344 119
0.450 45.3 0.3960 114
0.400 39.3 0.3545 111
0.350 33.5 0.3144 106
0.300 27.9 0.2720 103
0,250 22.4 0.2282 98
0.200 17.5 0.1852 94
0.150 13.0 0.1406 92
0.100 8.34 0.0950 88
0.050 4.09 0.0486 84
0.010 0.80 0.0101 80
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Tfe-bls 54
Relation Between the Speed of the
Inversion and the Degree ef Ionization ef
Hydrochloric Acid.
Molar
Concen-
tration
Inversion
Constant
k x lcr*
K * } °
4
« ka
Sol.cone
,
Degree of
Ioniza-
tion Ionized
1.00 129.5 130 78.19JS 102
0.90 111.1 123 79.88 98
0.80 94.4 11B 81.65 96
0.70 78.4 112 82.85 93
0.60 55.4 109 84.97 93
0.50 51.8 105 86 .18 | B
0.45 45.3 100 awOT.31 OffOf
0.40 89.3 98 87.92 86
0.35 33.4 96 89.10 85
0.30 27.9 93 89.94 84
0.25 22.3 89 90.56 80
0.20 17.5 87.5 91.81 80
0.15 12.9 86 93.00 80
0.10 8.4 84 94.28 79
0.05 4.1 82 96.33 79
0.01 0.81 81 100.00 81
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Wo 55,
Relation Between the Speed of the Invereion and the
Holes of Hydrogen Present for
Hydrochloric Aold.
1
Volar
Concen-
tration
Degree of
Ionization
lfclsss of H
per liter
Inversion
Constant
k x ict*
Ratio
k x 10-4
eolee of R
1.000 78.19j£ 0.782 129.5 165
0.900 79.88 0.719 ma 155
0.800 81.65 0.653 94.4 145
0.700 82.85 0.580 78.4 135
0.600 84.97 0.510 65.4 128
0.500 86.18 0.431 51.8 120
0.450 87.31 0.393 45.3 115
0.400 87.92 0.352 39.3 111
0.350 69.10 0.312 33.4 107
0.300 89.94 0.270 27.9 103
0.250 90.56 0.226 22.3 99
0.200 91.81 0.184 17.5 95
0.150 93.00 0,140 12.9 92
0.100 94.28 0.094 8.4 89
0.050 96.33 0.048 4.1 85
0.010 100.00 0.010 0.81 81
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Table 56
Relation Between the Inversion Constant
end the Hydrogen Ion Concentration of
Sulfuric Acid,
Molar Inversion Ratio
Grams of H
j
Concen- Constant k x 10"*
tration k x 10T* per liter Cj^j h
0.500 56.4 0.535 109
0.450 51.9 0.491 106
0.400 44.6 0.443 101
0.350 36.6 0.392 99
0.300 32.5 0.338 96
0.250 26.7 0.284 94
0.225 23.6 0.257 92
0.200 20.5 0.230 90
0.175 18.1 0.205 88
0.150 15.1 0.177 85
0.125 13 .0 0.149 87
0.100 10.3 0.121 85
0.075 7.85 0.094 84
0.050 5.25 0.065 81
0.025 2.83 0.035 81
0.005 0.67 0.0085 79
Relation Between the Speed of the Inversion and the
Degree of Ionization of
Sulfuric Acid.
Molar
Conoen—
tratioq
Inversion
Constant
k
Mole COBB.
Degree of
tion
k* a <a * J>
Ionised
0.500 58.4 117 53.07* 62
0.450 51.9 115 54.08 62
0.400 44.5 112 54.91 62
0.350 38.8 111 55.61 62
0.300 32.5 108 55.89 60
0850 26.7 107 56.43 60
0.225 23.5 105 56.68 60
0.200 203 103 57.12 60
0.175 18.1 103 57.98 60
0.150 15.1 101 58.45 59
0.125 13.0 104 59.21 62
0.100 10.33 103 59.75 62
0.075 7.85 104 62.17 65
0.050 5.25 105 64.39 68
0.025 2.83 113 69.40 78
0.005 0.57 134 84.10 113
fable 53
Relation Between the Speed of the Inversion and the
Moles of Hydrogen Present for
Sulfuric *eid.
Molar
Concen-
tration
f
Degree of '
Ionization
Moles
per liter}
of A
Lt j
Inversion
Constant
k x 101"*
Batic
k x IP"*
saolcs of H
0.500 53.0TJS 0.531 58.4 110
0.450 54.09 0.517 51.9 100
0.400 54.91 0.439 44.8 102
0.350 55.41 0.389 38.8 100
9.SOU eft. fit*09 .89 0.330 59 ft3«.0 AIT91
0.250 56.43 0.282 26.7 95
0.225 56.62 0.255 23.6 93
0.200 57.12 0.228 20.5 80
0.1T5 57.98 0.203 18.1 89
0.150 58.45 0.175 15.1 86
0.125 59.21 0.148 13.0 88
0.100 59.75 0.120 10.3 66
0.075 62.17 0.093 7.85 84
0.050 64.39 0.064 5.25 82
0.025 69.40 0.035 2.83 81
0.005 84.10 0.0084 0.67 60
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Relation Between the Inversion Constant
and the Hydrogen ien Concentration of
Oxalic Acid.
Molar
Concen-
tration
Inversion
Constant
k x 10**
Crass of H
per liter Cg
Ratio
k x 10T*
*B
0.450 13,630 0.1488 92
0.400 12,580 0.1375 92
0.350 11.480 0.1244 92
0.300 10.280 0.1132 91
0.250 8.980 0.1022 86
0.225 8.250 0.0952 87
0.200 7.437 0.0880 85
0.175 6.825 0.0804 65
0.150 6.071 0.0710 86
0.125 5.464 0.0636 66
0.100 4.548 0.0538 85
0,075 3.618 0.0459 80
0.050 2.630 0.0338 63
0,025 1.494 0.0186 60
0.005 0.370 0.0046 60
Relation Between the Speed of the Inversion and the
Moles of Hydrogen Present for
Oxalic Acid,
IfeSar
tretion Ionization
Itolofi of H
p«n* liter
Inversion
WHO w- * fl w
k x lor*
Ratio
moles of
0.450 32.0l£ 0.1476 13.630 92
0.400 34.10 0.1364 12.580 92
0.350 35.25 0.1234 11.480 93
0.300 37.43 0.1123 10.260 91
0.250 40.55 0.1014 8.990 89
0.225 41.99 0.0945 8.250 87
0.200 43.67 0.0873 7.440 85
0.175 45.55 0.0807 6.830 85
0.150 45.96 0.0705 6.070 86
0.125 50.44 0.0631 5.464 86
0.100 53.35 0.0534 4.546 85
0.075 60.69 0.0455 3.638 80
0.050 63.03 0.0315 2.630 63
0.025 73.63 0.0184 1.894 81
0.005 91.36 0.0046 0.370 80
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The data la Table 56 show the relation existing
between the concentration of hydrogen ion in grams per liter
and the inversion constant in the ease of sulfuric aeid. With
sulfuric aeid there is a fairly close relation between these
two variables between 0.15 molar and 0.005 solar, bat above
this range the ratio increases as it did in the ease of hydro-
chloric aeid. do results in labia 57 shew the relation between
the inversion constant, the solar concentration, and the degree
of ionization for sulfuric acid. Bare, there seme to be a
fairly close proportionality between these factors for all the
concentrations axe opt the last three. This fact is rather peculiar
because, in most systems,the sere dilute the reactante the more closely
the reactions follow the ease law. Of course sulfuric acid is a
di-baaic acid, while hydrochloric and, in this case, oxalic acids
are mono-basic in nature, and we sight expect that the two typee
would net react in exactly the case Banner; however, without a
doubt this discrepancy is due largely to experimental error in
determining the velocity constants.
The data in Table 58 shew the relation between the
inversion constants and concentration of the hydrogen ion in soles
per liter, and one* again we find a fair proportionality existing
between these two factors for the sere dilute systess,with an in-
creasing ratio with increasing concentration.
The results in Table 59 represent the proportion exist-
ing between the inversion constant and the hydrogen-ion concentra-
tion,in grass per liter for oxalic acid. The data in Table 50
ehow the same relation ,only the hydrogen-ion concentration is given
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la moles of hydrogen per liter. In both eases there seem to
be two sons* of proportionality; first, between 0.25 molar and
0.1 molar; and, second , between 0.075 molar and 6.005 molar.
Of coarse,this acid acts not unlike the others, in that the
ratio tends to increase with increasing concentration of acid.
If the speed of the inversion is directly proportional
to the concentration of the acid, then the inversion constant for
0.1H hydrochloric acid ought to be Just 10 times the constant for
0.01 molar, but it is 10.3 times as great; the constant for 0.5
molar ought to be 50 times as great as 0,01 molar, but it ie 63.9
times as great; and the constant for 1 molar ought to be 100 times
that of 0.01 molar, but it is 159 times as great. In the cass of
sulfuric acid, the constant for 0.5 molar ought to bo 10 times that
of 0.05 molar, but in reality it is 11.1 times as great.
There is still another way of looking «t the relation
between the hydrogen-ion concentration and the speed of the inversion.
If the speed of the reaction is directly proportional to the hydrogen-
ion concentration, and if an inversion constant with its correspond-
ing hydrogen-ion concentration is given together with the hydrogen-ion
concentration for another determination carried out under the earns
conditions, it ought to bs possible to calculate shot the ether con-
stant would be. The author finds that this is possible to a certain
degree, but only where dilute acids are used. Let us take, for
example, the inversion with 0.15 molar hydrochloric acid. This acid
has 0.1406 gr. of hydrogen per liter in it and a constant equal to
0.001293. Then let us take 0.45 molar oxalic acid which has 0.145 gr.
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of hydrogen per liter in it. from thie data, it ought to be
possible to calculate the inversion constant for 0.45 M. oxalic
acid. When this is calculated, it is found that this concentration
of acid ought to give us a constant of 0.001370, and by actual
experiment 0.001363 was obtained. This relation is not as close,
however, in every case, and not at all close in the case of strong
acids.
It is evident, therefore, that the speed of the inversion
of cane sugar is directly proportional to the concentration of
hydrogen ion only in very dilute solutions, and tends to deviate
from the unimoleeular law as soon as the concentration is increassd.
This is exact agreement with the work of Palmer/11 ^ Smith, ^12 ^
Isles and Worrell, <43) and several others. The author has shown
that this rsaction seeies to fit the equation for a paeudo-unisolecular
reaction better than the equation for a regular unimolecular reactioji.
CONCLUSIONS
1. The inversion constants of sucrose apparently
increase throughout the inversion process, although the degree
of ionization and likewise the hydrogen-ion concentration
decreases about 1 to 2 per cent.
2. Using hydrochloric acid as a catalyst, I find:
(a) That the ratio between the hydrogen-ion con-
centration in grass per liter and the speed of inversion tsnds
to increase with increasing concentration of acid. Only in
very dilute solutions does it even approxiaftte a proportionality.
(b) That the ratio between the hydrogen-ion
concentration in moles of hydrogen per liter and the speed of
inversion shows the same offset.
(c) That the ratio between the molar concen-
tration, the degree of ionization, and the inversion constant
does show a direct relation between 0.25 molar and 0.01 molar.
3. Using sulfuric acid as a catalyst, I find:
(a) That the ratio between the hydrogen-ion
concentration, both in grams of hydrogen and moles of hydrogen
per liter, and the inversion constant exists only between 0.05
and 0,005 molar.
(b) That the ratio between the inversion constant,
the molar concentration of acid, and the degree of ionization
does remain fairly constant except in the most dilute solutions.
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4. Using oxalic acid as a catalyst, I find:
That the ratio between the hydrogen-ion
concentration, both in grans of hydrogen per liter and
moles of hydrogen per 1 iter, and the inversion constant
tends to increase gradually. It is fairly constant within
the limits 0.25 molar to 0.1 molar, and 0.075 molar to 0.005
molar.
5. The speed of invsrsion of cane sugar is directly
proportional to the concentration of the hydrogen ion only in
very dilute solutions, and when the concentration of the acid
catalyst is increased, the reaction deviates from the uni-
molecular law.
6. The inversion process seems to give a slightly
better proportionality between the inversion constant and the
concentration of the hydrogen ion by using the formula for a
pseudo-unimol eo ular react ion
.
7. The specific conductivity at infinite dilution
for HC1, H28O4, and HaCsO* in 20 per cent sugar solutions was
obtained.
8. The hydrogen-ion concentration of these solutions
could not be observed directly by the hydrogen-saturated calomel-
electrode method, owing to the viscosity of the sugar solution.
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